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Validation Studies for Models Projecting the Risk of
Invasive and Total Breast Cancer Incidence
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ard and attributable risk to obtain estimates of the probability of
Background:In 1989, Gail and colleagues developed a modeldeveloping breast cancer. This model is referred to as model 1.
for estimating the risk of breast cancer in women participat- An interactive computer progra(®) and graphic approaché3)

ing in a program of annual mammographic screening (des- to make risk projections based on model 1 have been distributed
ignated herein as model 1). A modification of this model to to health care providers to assist in counseling. Recently, Gail
project the absolute risk of developing only invasive breast and Rimer(4) proposed using the original model as an aid to
cancer is referred to herein as model 2. We assessed thecounseling women in their forties on when to initiate regular
validity of both models by employing data from women en- mammographic screening.

rolled in the Breast Cancer Prevention Trial. Methods: We Statisticians of the National Surgical Adjuvant Breast and
used data from 5969 white women who were at least 35 yearsBowel Project (NSABP) modified model 1 to project the abso-
of age and without a history of breast cancer. These women lute risk of developing only invasive breast cang®j. This
were in the placebo arm of the trial and were screened an- model, referred to as model 2, was used to define eligibility
nually. The average follow-up period was 48.4 months. We criteria for the Breast Cancer Prevention Trial (BCPT), a trial
compared the observed number of breast cancers with the that demonstrated a reduction in breast cancer risk by almost
predicted numbers from the models.Results: In terms of 50% among women given tamoxifg6). The modification of
absolute risk, the ratios of total expected to observed num- model 1 to model 2 was accomplished by substituting age-
bers of cancers (95% confidence intervals [Cls]) were 0.84 speqflc invasive breast cancer rates from the Survelllance, Epi-
(0.73-0.97) for model 1 and 1.03 (0.88-1.21) for model 2.demiology, and End Results (SEERjrogram of the National
respectively. Within the age groups of 49 years or less, 50_59§ancer Institute (NCI) for the breagt cancer |.nC|den'ce rates used
years, and 60 years or more, the ratios of expected to ob- 1" the BCDDF_’ and by use of attributable risk estimates from
served numbers of breast cancers (95% Cls) for model 1 SEER to obtain the baseline hazard ratse(Appendix” sec-

were 0.91 (0.73-1.14), 0.96 (0.73-1.28), and 0.66 (0.52—0.8 ion). The NCI has distributed a computer diskette that projects
respectively. Thus, model 1 underestimated breast cancer the risk of invasive breast cancer based on model 2 and provides

risk in women more than 59 years of age. For model 2, the other information relevant to deciding whether a woman would

risk ratios (95% Cls) were 0.93 (0.72-1.22), 1.13 (0.83-1.55) Penefit from tamoxifen(7).

and 1.05 (0.80—1.41), respectively. Both models exhibited a " View of the widespread use of these two models for pro-
tendency to overestimate risk for women classified in the Jecting breast cancer risk, it is important to provide data on

i o . . . validity. Gall et al.(1) stressed that projections would be most
higher quintiles of predicted 5-year risk and to underesti- . " )
. X -~ reliable for women who participate in a program of annual
mate risk for those in the lower quintiles of the same Con-

clusion: Despite some limitations, these methods provide use_screening because model 1 was based on women in annual
slon- Desp " P screening in the BCDDP. With the use of data from the Cancer
ful information on breast cancer risk for women who plan to

- X . : and Steroid Hormone (CASH) Stud8), they showed that the
participate in an annual mammographic screening program. model would overpredict risk in unscreened younger women.
[J Natl Cancer Inst 1999;91:1541-8] Gail et al.(1) and Gail and Benicho(9,10)argued that screen-
ing allows one to look into the future, effectively aging the

Gail et al. (1) used data from the Breast Cancer Detectiofoman by the “lead time” of the screening procedure. Thus,
Demonstration Project (BCDDP) to develop a model for esfiince the age-specific incidence of breast cancer increases rap-
mating the risk of breast cancer for women in a program of
annual mammographic screening who have had no previous
breast cancer and who have no evidence of breast cancer at th@iiations of authors:J. P. Costantino, S. Anderson, H. S. Wieand, National
time of their initial screening mammogram. The model estimatssrgical Adjuvant Breast and Bowel Project, Pittsburgh, PA, and Department of
the absolute risk (probability) that a woman in a program d@fostatistics, Graduate School of Public Health, University of Pittsburgh; M. E.
aroual screering wil develop ivasive rsit (el carch Gl SUr f Ssienioln e S, Bt S s,
nomain situ [DCIS.]) or Iobu_lar Carcmomm situ [LC|S.]) br_east C, K. Red’mon(’j, Depar,tment of Biostatistigs, Graduate Scr{ool (;f Public He’alth,y
Fance_r _Over a def”_wd age interval. The risk factors 'n thI_S moq@hiversity of Pittsburgh; J. Benichou, Department of Biostatistics, University of
in addition to age, include age at menarche, age at first live birt§hyen Medical School, France.
number of previous breast biopsies, presence of atypical hyperorrespondence tajoseph P. Costantino, Dr.P.H., 230 McKee Place, Suite
plasia on biopsy, and number of affected first-degree relativé§3, Pittsburgh, PA 15213 (e-mail: costan+@pitt.edu).

Estimates of the relative risks associated with these factors argee’Notes” following “References.”
combined with estimates from the BCDDP of the baseline haz-Oxford University Press
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idly with age, screening increases the observed age-specific $tatistical Methods

cidence, especially in the young. Several studies confirmed that

the _orlglnal model overpredicted risk in young women WhO WereTyg aspects of the risk models, the relative risk function and the absolute risk
not in a program of regular mammographic screerf@gl2)and projection, were considered. The relative risk is the ratio of the age-specific
seemed to perform well for women who were being screengakard of breast cancer for a woman with given risk factors to the hazard for a

regularly(ll)_ Only relatively small numbers of women in regu-woman of the same age without risk factors. The absolute risk is the probability
lar Screening have been StudiHﬂ.). that a woman with given risk factors will develop breast cancer over a defined

The purpose of this study was to assess the validity of the tfgf interval.

breast cancer models based on the application to women WhI)he relatlve risk functloh based on model 1 was o_btamed for the BCPT
opulation from a proportional hazards modé&B) that included an inter-

were screened annually in the BCPT. Information from the IIE’ction between number of biopsies and an indicator that age equals or exceeds

erature pertaining to the validity assessments of these two MoG@@|Sears. This model had the same functional form for the log hazard as in
as applied to other populations is also included for comparisonihe model of Gail et al(1). The estimates based on the BCPT were con-

trasted to those based on the BCDDP, the CASH Study, and the Nurses’
Health Study (NHS). A comparison of the study design and other features of
these four investigations is shown in Table 1. The publications of relative risks

The models were evaluated by use of data from the placebo group of ffem the CASH Study and NHE,12)did not include an estimate for the effect
BCPT. To be eligible for the BCPT, women needed to be at least 35 years 6fdthe diagnosis from a breast biopsy of atypical hyperplasia. Thus, in the
with a life expectancy of at least 10 years, to have had no history of invasigemparison of the relative risk estimates from the four studies, data pertaining to
breast cancer, to have had a negative mammogram within 180 days befbee number of breast biopsies were not categorized by presence of atypical
randomization, and to have had a negative breast examination as part ofhtyeerplasia.
prerandomization clinical assessment. Women with DCIS were excluded fronmProjections of the absolute risk of breast cancer for the BCPT women were
the BCPT but not those with LCIS. In addition, to be eligible for the BCPTmade by use of models 1 and 2, which incorporate all risk factors, including the
women under 60 years of age needed to have a projected 5-year risk of invadiagnosis of atypical hyperplasia. Equations 5 and 6 in the study by Gail et al.
breast cancer no less than that of an average 60-year-old woman (1.66%) b&kpdere used to calculate the absolute risk of breast camcdrom age at
on model 2. Other inclusion criteria for the BCPT were as follows: informedandomizationa, to the age at diagnosis or to last follow-ug, (see“Appen-
consent; no current or planned pregnancy; normal endometrial biopsies if rdix’ section). The expected numbédt)(of breast cancers for a given category of
domized after July 8, 1994, if the uterus was present; no history of pulmonarpmen is then the sum of the valugsfor the women in that category, art
embolism or deep-vein thrombosis; and no use of estrogen or progesterocae be compared with the observed numi@rdf women with breast cancer in
replacement therapy, oral contraceptives, or androgens since at least 3 mathiitscategory. Confidence intervals (Cls) on the ratio of expected to observed
before randomization. numbers E/O) were obtained by use of the exact theory under the assumption

The BCPT participants included in this assessment were the subset of ttet theOs have a Poisson distribution. This was accomplished by first solving
placebo group included in the original publication of the BCPT reqéliksvho  for the 95% CI for the expectation @, namely,O, for the lower limit andO,
were white and without a history of LCIS. This population consists of 596fr the upper limit, then dividing th& by the values o, andOy, to obtain the
women. At the time of randomization, 2332 of these women were 49 years of aggper and lower Cls for the ratio, respectively. These analyses were performed
or less, 1807 50-59 years old, and 1830 were 60 years or older. The average fonghe categories of risk factors used in the two models and, as a composite
of follow-up of this population was 48.4 months (range, 1-70 months). Aboassessment, on categories of predicted breast cancer risk by age. For the latter
38% of the women had more than 60 months of follow-up, and about 8% hasisessment, it was decidagbriori to use categories of breast cancer risk based
less than 1 year of follow-up. During the course of follow-up, 155 cases oh quintiles of the distribution of the expected risks among the total population
invasive breast cancer and 49 caseidditu breast cancer were diagnosed. Infor each model. This would provide a reasonable number of categories for
addition, 59 other women died of causes not related to breast cancer. assessment with approximately equal numbers of women at risk. The resulting

M ETHODS

Table 1.Selected comparative features of the four studies used to assess the validity of the breast cancer prediction model of Gail et al. (

Feature BCDDP* CASHT Study NHS$ BCPTS§

Study design Nested case—control study Nested population-based, Self-administered Multicenter, randomized control

from a multicenter case—control study in 8

screening program of Surveillance, Epidemiology,

284 780 women and End Results Program
regions (validation based on
83% of women for whom risk
factor data were available)

No. of incident breast 2852 4715
cancer casés
Race White White
Age, ¥1 31 through 81 20 through 54
Calendar period of 1973 through 1980 1980 through 1982
follow-up#
Prespecified Annual Not prespecified; rare
frequency of
mammography

clinical trial of women at
increased risk for breast
cancer (validation based on
5969 women without a
history of lobular carcinoma
in situ in the placebo group)
204

questionnaire follow-up
study of 115 172 nurses

2396

White
35 through 79
1992 through 1998

Predominantly white
29 through 61
1976 through 1988
Not prespecified; rare Annual
before 1983

*See (1) BCDDP = Breast Cancer Detection Demonstration Project.

TSee (8) CASH (Cancer and Steroid Hormone) study data were used only to check relative risk features of the model.

fSee (12)NHS = Nurses’ Health Study.
8See (6) BCPT = Breast Cancer Prevention Trial.

[Includes allin situ and invasive cancers. For the validation of model 2 by use of BCPT data, gl cases were excluded.

TAge at diagnosis for BCDDP and CASH. Age at baseline for NHS and BCPT.

#Period for the CASH case—control study was the period that the cases were diagnosed.
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quintile distributions of predicted breast cancer risk yielded numbers of womfigr a woman with two affected first_degree relatives com-
in each category that were not exactly the same because of the nature ofdupliﬁfﬁped with a woman with no affected first-degree relatives de-

values in the distribution. Global chi-squarg®( goodness-of-fit tests on the : : ; ; : :
basis of the squared Pearson residuals—(E)%/E, were also calculated. All creases with the age at first live birth, reflectlng a negative

statistical tests were two-sided. Interaction. . . Lo .
The relative risks from the logistic model were shown to fit
RESULTS the original BCDDP data well, but a more rigorous test is to
assess the fit of the model on different datasets. Gail and
Relative Risks Benichou(9) evaluated the fit of the model to data from the

CASH study, and Spiegelman et. lL2) reported on women

The logistic model in equation 1 of Gail et.dll) defines who developed breast cancer in the NHS. The estimates of fac-
multivariate relative risks for the risk factors shown in the firsior-specific relative risks from these assessments are shown in
column of Table 2. The factor-specific relative risks as originallgolumns 3 and 4 of Table 2. It should be noted that, since
developed from the BCDDP by the use of model 1 are providetailed information was not available in the NHS evaluation,
in the second column of Table 2. To obtain an estimate of thiee authorg12) coded number of biopsies as 0 or 1 for none or
relative risk for a woman with a particular breast cancer rigkne biopsy, unlike Gail et a{1), who coded 0, 1, or 2 according
profile, one multiplies three factor-specific relative risks o whether there were none, one, or two biopsies specimens.
Table 2 corresponding to category A (age at menarche), categliyo, the estimates of relative risks for the NHS came from a
B (number of biopsies and age), and category C (number portional hazards model with the same functional form for
affected first-degree relatives and age at first live birth). Féhe log hazard as in the logistic model of Gail et @l). Our
example, a nulliparous 55-year-old woman who began menstralative risk estimates for the BCPT, also from a proportional
ating at age 12 years, who has had one biopsy, and who has lbagards model, are shown in the last column of Table 2. Because
affected first-degree relative has a relative risk of 1.10 x 1.27tle analysis of BCPT data is based on only 204 incident breast
2.76 = 3.86. Note that the risks associated with number cfncers, the 95% Cls for the relative risks show considerable
biopsies are smaller for a woman more than 49 years of agaiability for the point estimates.
than for a younger woman, reflecting a negative interaction be- With a few exceptions, the data in Table 2 demonstrate good
tween those factors in the logistic model. Similarly, the risk ratiagreement among relative risk estimates obtained from these

Table 2. Comparison of factors affecting relative risk (RR) for total breast cancers (invasive aindsill) estimated from data for four independent studies

RR: BCDDP* RR: CASHT Study RR: NHSH RR (95% confidence interval): BCPT§
Age at menarche, y
=14 1.00 1.00 1.00 1.00 (referent)
12-13 1.10 1.14 1.09 1.21 (0.98-1.50)
<12 121 1.29 1.20 1.47 (0.96-2.26)
No. of biopsies
Age <50 y
0 1.00 1.00 1.00 1.00 (referent)
1 1.70 1.97 1.6y 1.11 (0.85-1.45)
=2 2.88 3.89 N/A 1.23 (0.73-2.09)
Age =50y
0 1.00 1.00 1.00 1.00 (referent)
1 1.27 1.77 1.7 1.34 (1.09-1.65)
=2 1.62 3.13 N/A 1.80(1.18-2.73)
No. of affected first-degree relatives
Age at first live birth <20 y
0 1.00 1.00 1.00 1.00 (referent)
1 2.61 2.04 1.78 2.13(1.33-3.39)
=2 6.80 4.16 3.17 4.52 (1.78-11.49)
Age at first live birth 20-24 y
0 1.24 1.21 1.16 1.53 (1.09-2.16)
1 2.68 2.40 2.03 2.52 (1.46-4.35)
=2 5.78 4.75 3.55 4.16 (1.88-9.16)
Age at first live birth 25-29 y or nulliparous
0 1.55 1.47 1.34 2.35(1.18-4.67)
1 2.76 2.82 231 3.00 (1.55-5.80)
=2 491 5.43 3.98 3.82(1.84-7.93)
Age at first live birth=30 y
0 1.93 1.77 1.56 3.60 (1.29-10.08)
1 2.83 3.32 2.64 3.56 (1.60-7.90)
=2 417 6.20 4.47 3.51 (1.62-7.61)

*From Table 1 in(1) BCDDP = Breast Cancer Detection Demonstration Project.

tFrom analysis in(9), CASH = Cancer and Steroid Hormone.

fFrom Table 4 in(12), NHS = Nurses’ Health Study.

§BCPT = Breast Cancer Prevention Trial.

|IThe precise number of biopsies was not available in this study; the RRs displayed are for bighsies
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four datasets. Three points can be made. First, the associatooups of 49 years or less, 50-59 years, and 60 or more years,
with age at menarche is similar in all four datasets. Second, eaebpectively. There is no statistically significant evidence that
of the datasets indicates a negative interaction between the ntimeseE/O ratios differed from 1.0. Model 2 predictions by quin-
ber of affected first-degree relatives and age at first live birth,tikes of projected 5-year breast cancer risk in the “all ages”
feature also noted by Bondy et. gl11). Last, there is some category show a pattern similar to that found with model 1. The
indication that the nature of the quantitative interaction betwe@amber of cancers is overestimated for women in the highest
age and number of biopsies may be different among the datasgtsntile by 21% and is underestimated for women in the lowest
but all studies indicate an increasing risk of disease with intile by about 30%. Th&/O ratios (95% CI) for the lowest
increasing number of biopsies. to highest quintiles are 0.70 (0.47-1.11), 0.62 (0.44—0.89), 1.36
Absolute Risk 5833—2.22), 1.22 (0.85-1.82), and 1.21 (0.92-1.64), respec-
The expected versus observed counts for all breast cancerd © dain additional insight, we calculategls and O's for
predicted from model 1 are shown in Table 3 according to levelgtegories defined by breast cancer risk factors (Table 5). For
of projected 5-year risk. Overall, 171.34 cancers were expecifif analysis, the data for the number of breast biopsies were also
compared with 204 observed. This corresponds to an expect@i#gtified by history of atypical hyperplasia. The results for mod-
observed ratio B/O) of 0.84 (95% Cl= 0.73-0.97). When €ls 1 and 2 are similar. Agreement between the expected and
women in the age groups of 49 years or less, 50-59 years, &hgerved numbers of cancers is good in most categories. The
60 years or more are considered, #¥© ratios (95% Cls) are models overestimate risk in women aged less than 50 years with
0.91 (0.73-1.14), 0.96 (0.73-1.28), and 0.66 (0.52—0.86), &0 or more biopsies and in women whose first birth occurred
spectively. Thus, although model 1 provided reasonable edigfore age 20 years. The models underestimate risk somewhat in
mates of absolute risk for women under age 60 years, it undeiemen aged less than 50 years with one biopsy and for most
estimated risk for women 60 years of age or older. The datategories of women without affected first-degree relatives.
shown in the “all ages” category in Table 3 indicate that modelowever, none of th&/O ratios for model 2 exhibit a statisti-
1 underestimated risk for women predicted to be in the loweally significant deviation from unity and, for model 1, only the
quintiles of risk. TheE/O ratios (95% CI) for the lowest to ratios for those less than 50 years of age with one biopsy, those
highest quintiles are 0.57 (0.40-0.84), 0.73 (0.52-1.06), 0.6/th first live birth between 25 and 29 years of age or nullipa-
(0.50-0.93), 0.98 (0.71-1.37), and 1.07 (0.83-1.41), respeaus without affected relatives, and those with an age at men-
tively. arche less than 12 years show significant deviation from unity.
Similar analyses were performed for model 2 (Table 4). We also examined summary measures of goodness of fit
Overall, 158.99 invasive cancers were predicted compared withsed on the squared Pearson residuals. Tests were performed by
155 observed. This corresponds toE@ ratio (95% CI) of 1.03 summing over the 15 categories of age group by predicted risk
(0.88-1.21). TheE/O ratios (95% CI) by age groups are 0.93juintiles in Tables 3 and 4 and summing individually over each
(0.72-1.22), 1.13 (0.83-1.55), and 1.05 (0.80-1.41) for the anfethe three major categorizations of risk factors in Table 5 (three

Table 3.Comparison of the expected cases of total breast cancer (invasive andgial) predicted from model 1 to the observed cases
among white women in the placebo arm of the Breast Cancer Prevention Trial

No. of Observed Q) Expected E)
Age group, y Predicted 5-year risk, % women breast cancers breast cancers E/O 95% confidence intervals

<49 <2.32 111 1 1.93 1.93 0.35-76.25
2.32-2.65 499 11 9.60 0.87 0.49-1.75

2.66-3.28 521 25 12.89 0.52 0.35-0.80

3.29-4.73 614 17 19.32 1.14 0.71-1.95

>4.73 587 29 31.42 1.08 0.75-1.62

Total 2332 83 75.16 0.91 0.73-1.14

50-59 <2.32 304 8 5.35 0.67 0.34-1.55
2.32-2.65 468 14 9.80 0.70 0.42-1.28

2.66-3.28 362 6 8.47 141 0.65-3.85

3.29-4.73 326 13 10.43 0.80 0.47-1.15

>4.73 347 13 17.69 1.36 0.80-2.56

Total 1807 54 51.75 0.96 0.73-1.28

=60 <2.32 784 21 9.75 0.46 0.30-0.75
2.32-2.65 232 8 4.77 0.60 0.30-1.38

2.66-3.28 308 12 7.61 0.63 0.36-1.23

3.29-4.73 244 9 8.30 0.92 0.49-2.02

>4.73 262 17 14.01 0.82 0.51-1.41

Total 1830 67 44.44 0.66 0.52-0.86

All ages <2.32 1199 30 17.03 0.57 0.40-0.84
2.32-2.65 1199 33 24.17 0.73 0.52-1.06

2.66-3.28 1191 43 28.97 0.67 0.50-0.93

3.29-4.73 1184 39 38.05 0.98 0.71-1.37

>4.73 1196 59 63.13 1.07 0.83-1.41

Grand total 5969 204 171.34 0.84 0.73-0.97
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Table 4.Comparison of the expected cases of invasive breast cancer predicted from model 2 to the observed cases among white women

in the placebo arm of the Breast Cancer Prevention Trial

No. of Observed Q) Expected E)
Age group, y Predicted 5-year risk, % women breast cancers breast cancers E/O 95% confidence intervals

=49 <1.93 592 13 8.40 0.65 0.38-1.21
1.94-2.41 512 16 9.20 0.58 0.35-1.01

2.42-3.10 425 8 9.35 1.17 0.59-2.71

3.11-4.17 474 7 13.77 1.97 0.95-4.89

=4.18 329 16 15.15 0.95 0.58-1.66

Total 2332 60 55.87 0.93 0.72-1.22

50-59 <1.93 165 3 2.59 0.86 0.29-4.19
1.94-2.41 523 15 9.25 0.62 0.37-1.10

2.42-3.10 460 6 10.42 1.74 0.80-4.73

3.11-4.17 289 10 8.51 0.85 0.46-1.77

=4.18 370 9 17.63 1.96 1.03-4.28

Total 1807 43 48.40 1.13 0.83-1.55

=60 <1.93 432 7 5.19 0.74 0.36-1.84
1.94-2.41 152 3 2.49 0.83 0.28-4.02

2.42-3.10 312 6 7.37 1.23 0.56-3.35

3.11-4.17 435 12 12.99 1.08 0.62-2.10

=4.18 499 24 26.68 1.11 0.75-1.74

Total 1830 52 54.72 1.05 0.80-1.41

All ages <1.93 1189 23 16.18 0.70 0.47-1.11
1.94-2.41 1187 34 20.95 0.62 0.44-0.89

2.42-3.10 1197 20 27.14 1.36 0.88-2.22

3.11-4.17 1198 29 35.27 1.22 0.85-1.82

=4.18 1198 49 59.45 1.21 0.92-1.64
Grand total 5969 155 158.99 1.03 0.88-1.21

Table 5.Expected E) and observedd) cancers for categories defined by breast cancer risk factors among white women in the placebo
arm of the Breast Cancer Prevention Trial

All breast cancers (model 1)

Invasive breast cancer (model 2)

95% confidence

95% confidence

Variable Observed Q) ExpectedE) E/O intervals Observedd) ExpectedE) E/O intervals
Age at menarche, y
>13 35 29.58 0.85 0.61-1.21 29 29.32 1.01 0.70-1.51
12-13 104 95.62 0.92 0.76-1.13 81 88.68 1.09 0.88-1.38
<12 65 46.14 0.71  0.56-0.92 45 40.99 091 0.68-1.25
No. of biopsies and atypical hyperplasia (AH)
Age <50 y
0 25 21.83 0.87 0.59-1.35 23 16.43 0.71  0.48-1.13
1 (without AH) 27 17.02 0.63  0.43-0.96 19 12.79 0.67 0.43-1.12
1 (with AH) 10 4.18 0.42  0.23-0.87 6 3.07 0.51 0.24-1.39
=2 (without AH) 18 23.94 133 0.84-2.24 10 17.61 1.76  0.96-3.67
=2 (with AH) 3 8.18 2.73  0.93-13.23 2 5.97 2.99 0.83-24.65
Age =50y
0 54 44.15 0.82  0.63-1.09 41 47.22 1.15 0.85-1.60
1 (without AH) 25 19.83 0.79  0.54-1.23 21 21.81 1.04 0.68-1.68
1 (with AH) 4 4.12 1.03  0.40-3.78 3 4.37 146  0.50-7.06
=2 (without AH) 30 21.81 0.73  0.51-1.08 22 23.56 1.07 0.71-1.71
=2 (with AH) 8 6.27 0.78  0.40-1.81 8 6.19 0.77  0.39-1.79
No. of affected first-degree relatives
Age at first live birth <20 y
0 0 1.64 — — 0 1.59 — —
1 7 11.39 1.63  0.79-4.05 6 10.13 1.69 0.78-4.60
=2 7 11.27 161  0.78-4.00 7 10.09 144  0.70-3.59
Age at first live birth 20-24'y
0 11 6.04 0.55 0.31-1.10 7 6.12 0.87  0.42-2.17
1 44 34.43 0.78  0.58-1.08 38 32.09 0.84 0.62-1.19
=2 28 23.50 0.84  0.58-1.26 20 22.43 112 0.73-1.84
Age at first live birth 25-29 y or nulliparous
0 19 10.33 0.54  0.35-0.90 15 10.52 0.70  0.43-1.25
1 46 39.60 0.86 0.65-1.18 33 35.68 1.08 0.77-1.57
=2 24 17.78 0.71  0.50-1.16 18 16.45 0.91 0.58-1.54
Age at first live birth=30y
0 5 3.04 0.61 0.26-1.87 2 3.01 151 0.42-12.43
1 12 9.31 0.78  0.44-1.50 8 7.99 1.00 0.51-2.31
=2 1 3.03 3.03  0.54-119.49 1 2.89 2.89 0.52-114.15
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categories of age at menarche, 10 categories of number of dénce rates in years 2 and 3 of BCDDP follow-up (the years used
opsies by hyperplasia status, and 12 categories of age at first fisemodel 1 rates), having a greater effect in older women for
birth by number of affected relatives). Summing over the hwhom the screening lead time is greater than in younger women.
categories in Table 3, we found a chi-square of 36.60 for modalany case, the results for model 2 indicate that use of general
1, indicating a lack of fitP = .0014). The lack of fit for model population SEER rates was appropriate for projecting invasive
1 arises mainly in women more than 59 years of age and is dyeast cancer risk. On the basis of this finding, the NCI has
principally to the lower composite rates of breast cancer ofeveloped a personal computer-based software package that can
served in the BCDDP population for such womee€“Appen-  be used to predict a woman'’s risk of invasive breast cancer from
dix Table 1”). For model 2, the corresponding chi-square calcghodel 2. This package is available without charge and has been
lated from Table 4 was not statistically significanf (= 22.45; given to health care providers throughout the United Stétes
P = .097). Likewise, for model 2, none of the goodness-of-fit Both models 1 and 2 predict absolute risk relatively well for
tests based on the three major categorizations of risk factorsygmen under age 60 years in the BCPT population. These find-
Table 5 yielded statistically significant evidences of a lack of fihgs differ from those of Spiegelman et £12), who noted an
(P = .78, .092, and .66, respectively). There was statistically/o ratio of 1.47 with model 1 for women aged 49 years or less,
significant evidence of a lack of fit for model 1 in the thregyhich is larger than the value 0.91 for model 1 (Table 3) and
categorizations in Table (= .024, .003, and .009, respecq 93 for model 2 (Table 4) seen in the BCPT population.
tively). However, when women more than 59 years of age w iegelman et al(12) analyzed NHS follow-up data for the
excluded from the evaluation of model 1 thg gqodness-of- riod of 1976 through 1988. Very few women received screen-
tests based on Table 3 and on the age at first live birth categofies 1 ammography in the United States until the early 1980s
of Table 5 were no longer statistically significant. (14), and women in the NHS were not in a program of regular
screening. As argued elsewhdf10), annual screening could
explain why model 1 performs so much better in the BCPT
We have evaluated a model for projecting invasiveiargitu  population than in women under age 50 years in the NHS.
breast cancer risk (model 1) and a model for projecting onBondy et al (11) also found that model 1 overpredicted risk in
invasive breast cancer risk (model 2) with the use of data fromomen who did not adhere to American Cancer Society screen-
the placebo arm of the BCPT. We found good overall agreemeng guidelines but not in those who adhered to the guidelines.
between expected and observed counts of invasive breast cancé&dne aspect that may need further evaluation is the magnitude
for model 2 (158.99 versus 155), validating the absolute rigif the interaction between age and number of biopsies. In the
projections over an average 4 years of follow-up. Model 2 algast 20 years, less invasive biopsy procedures such as needle
showed relatively good agreement between expected and biepsy have come into use. This change may have induced more
served counts in each of the age categories of 49 or less yegosinger women with minimal evidence of disease to receive
50-59 years, and 60 or more years (55.87 versus 60, 48bi@psies than in the 1970s. Since the 1980s, more widespread
versus 43, and 54.72 versus 52, respectively). Model 1 undese of mammography may have also increased the use of biop-
estimated the risk of all breast cancers in women more than &8s for younger women with minimal evidence of disease.
years of age (44.44 expected versus 67 observed), but obserifeelse factors might explain why the number of biopsies in
and predicted counts were in reasonable agreement for womesmen under age 50 years was less indicative of increased risk
younger than 60 years of age (137 versus 126.91). When prethe BCPT than in the BCDDP and in the CASH Study popu-
dicting risk in the lower quintiles of 5-year risk, these modelgtions. A comparison of expected and observed frequencies of
tended to underestimate risk; when predicting risk in the highlereast cancer in the BCPT for both models (Table 5) indicates
quintiles, they tended to overestimate risk. These deviations nihgt estimates of the relationship between age and number of
partly represent random variation and partly reflect systemalimpsies is rather good for those 50 years of age or older but less
biases in the multivariate regression models at the extreme levatsurate for those under 50 years of age. This may reflect
of breast cancer risk. Considering all of the comparisons ohanges in the use and nature of biopsies among younger
categories of risk factors shown in Tables 3-5, relatively fewomen.
E/O ratios for either model deviated significantly from unity. These validation studies on the basis of the BCPT data are
Global goodness-of-fit tests for model 2 do not demonstrate laskbject to several limitations. First, the predictions could only be
of agreement between observed and expected counts of invasdgted over a maximum follow-up period of about 6 years. It
breast cancer. However, global goodness-of-fit tests and a camould be beneficial to test over longer follow-up periods. Sec-
parison of the total observed and expected counts indicate tbatl, the population in the BCPT was a high-risk population. It
model 1 sometimes underestimated the risknaditu and inva- would be useful to have validation studies from a more repre-
sive disease, especially in women more than 59 years of agsentative sample of women in regular follow-up, including
The main difference in the performance between modelswbmen with an estimated 5-year breast cancer risk less than
and 2, which employ the same relative risk function, arises be66%, the BCPT eligibility criterion. Nonetheless, the results
cause composite age-specific rates among women more tharir6s the BCPT are pertinent to women who are at high risk and
years old in the BCDDP populatiofl) were lower than in the are likely to seek counseling for breast cancer risk. Third, al-
SEER population gee“Appendix Table 1"). One might have though the numbers of cancers observed in the BCPT are not
expected somewhat higher rates in the BCDDP because invasim@ll, larger numbers would be of value for evaluating models
plusin situ cancers were counted. Perhaps the differences dreand 2 in subgroups. Fourth, data are needed to assess the
partly due to random variation because the BCDDP rates wererformance of these models in minority populations. Model 1
based on small numbers of cancers among older women [Tabigs based on the occurrence of breast cancer in white women.
3 in (1)]. Perhaps the initial BCDDP screening lowered inciThe NSABP statisticians, with the assistance of Gail, incorpo-
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rated factors into model 2 to provide predictions for blackom those of model 1 for three reasons. First, model 1 was designed to
women gee“Appendix” section). Among the 99 black womenproject the risk of all breast cancer, both invasive amditu, while
without a history of LCIS in the placebo arm of the BCPT, onlynodel 2 was designed for the BCPT to project the risk of invasive
one developed invasive breast cancer (the corresponding @@ast cancer only. Thus, the average breast cancertrai@sused in
pected number was 0.90 cases). Thus, an in-depth assessme_rﬁf)g?l 1 were those for the incidence of all breast cancer, while the rates

the predictions from model 2 for black women was not possiblh model 2 were those for only the incidence of invasive breast cancer.
andpthere was even less information for other non—Cpaucas% cond, model 1 used BCDDP data for the average hazard rates and
g

women. More extensive validation for non-Caucasian women ributable risk fractions, whereas model 2 used data from the SEER
) ogram. The age-specific rates used in the models are provided in

needed before determinations can be made regarding the agQkengix Table 1. The factoF(t) used in model 1 was 0.5229 for
racy of predictions for this group. However, recently publishegomen less than 50 years of age and 0.5264 for women 50 years of age
data for Hispanic wome(il5) suggest that risk projections foror older. This was based on the relative risks and observed exposure
white women may overestimate breast cancer risk among Hisstributions from the cases in the BCDDP population. The faEttr
panic women. for the SEER data used in model 2 was 0.5788 for all age groups. The

We conclude from these data that models 1 and 2 can provighaserved exposure distribution of cases in the CASH Study were used
useful information to assist in counseling women who aie this instance. For both models, the age-specific relativer(igkvas
thought to be free of breast cancer following an initial screenirigsed on the logistic regression equation in Gail eflji(seeTable 2).
examination with mammography and who plan to participate ihird, model 1 did not include parameters for predicting risk for black
a program of regular mammographic screening. The informati¥§men. \{vhile model 2 inf:luded modi}‘ications to prpyide such predic-
is useful for counseling women who may be contemplating risk€ns: This was accomplished by using race-specific SEER rates for
and benefits of preventative strategies, such as bilateral masfEgek Women and by developing estimates of g for black women
tomy or tamoxifen therapy. Such data may also be useful to all %Eéhde BCDDP population and converting them to estimates for the

! . . ata by multiplying the BCDDP estimates by the ratio oftte

unwarranted fears. Typically, women substantially overestimafe

S . ; white women in the BCDDP population to tRét) for white women
their risk of getting breast cancg). Women also OVereStImatein the SEER population. Although no black women were included in the

their 10-year risk of death from breast cancer by as much gessment in this article, for completeness, we provide the rates used
20-fold (17). Providing breast cancer risk estimates during COURsy plack women in Appendix Table 1. The facteft) used in model 2
seling will help women understand the true nature of their rigkr black women was 0.4146 for women under 50 years of age and
and to put it into proper perspective. 0.4228 for those age 50 years or older.

As stressed elsewhel®,10), these models do not include
certain risk factors thf"‘t Can. modify risk SUbStantlany' For eXA pendix Table 1.Age-specific breast cancer incidence rdteg(t) used in
ample, a woman who just migrated from rural China has a lower” risk calculations
risk than implied by models 1 and 2, and a woman known ta
carry a disease-producing mutation of the BRCA1 or BRCA2 Breast cancer incidence rate per 100 000

genes has a higher risk. The models will tend to overpredict risk

: . Model 2t

in young unscreened women. Some women will have lower than

predicted risk if they initiate treatment with agents such as Model 1,* White Black

tamoxifen(6). Thus, these models are the most useful when th&§¢ 9rouP. Y white women women women

are employed by an experienced health care provider whogzissg 114.6 66.1 79.6

aware of the limitations of the models and the medical contexf-44 203.7 126.5 137.7
45-49 280.8 186.6 165.4

APPENDIX 50-54 320.9 221.1 177.9
55-59 293.8 272.1 224.3

; ; ; 60-64 369.4 334.8 275.0

Equations to Predict Absolute Risk of Breast Cancer 6569 3561 3923 5803

The full details of the equations used to predict breast cancer risk dfs74 307.8 4178 309.9
75-79 301.3 443.9 360.2

provided by Galil et al(1). The probability that a woman who is age
and who has age-dependent relative rigkwill develop breast cancer
by agea + is

*Rates of total breast cancer (invasive andialsitu) from the Breast Cancer
Detection Demonstration Project.

a+T t TRates of invasive breast cancer from the Surveillance, Epidemiology, and
Pra,r(t)} = fa hy(tr (t) eXp{—fa hy(Wr(u)du} {S;(t)/S,(a)}dt, End Results Program, 1983-1987.

where h,(t) is the baseline age-specific hazard of developing breast
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